Autophagy protects cells from harmful substances such as protein aggregates, damaged mitochondria and intracellular pathogens, and has been implicated in a variety of diseases. Selectivity of autophagic processes is mediated by cargo receptors that link cargo to Atg8 family proteins on the developing autophagosomal membrane. To avoid collateral degradation during constitutive autophagic pathways, the autophagic machinery must not only select cargo but also exclude non-cargo material. Here we show that cargo directly activates the cargo receptor Atg19 by exposing multiple Atg8 binding sites. Furthermore, Atg19 mediates tight apposition of the cargo and Atg8-coated membranes in a fully reconstituted system. These properties are essential for the function of Atg19 during selective autophagy in vivo. Our results suggest that cargo receptors contribute to tight membrane bending of the isolation membrane around the cargo.
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Autophagy protects cells from harmful substances such as protein aggregates, damaged mitochondria and intracellular pathogens, and has been implicated in a variety of diseases. Selectivity of autophagic processes is mediated by cargo receptors that link cargo to Atg8 family proteins on the developing autophagosomal membrane. To avoid collateral degradation during constitutive autophagic pathways, the autophagic machinery must not only select cargo but also exclude non-cargo material. Here we show that cargo directly activates the cargo receptor Atg19 by exposing multiple Atg8 binding sites. Furthermore, Atg19 mediates tight apposition of the cargo and Atg8-coated membranes in a fully reconstituted system. These properties are essential for the function of Atg19 during selective autophagy in vivo. Our results suggest that cargo receptors contribute to tight membrane bending of the isolation membrane around the cargo.
Macroautophagy (hereafter autophagy) is the main pathway for the bulk degradation of cellular material. This is achieved by the de novo formation of double membrane-bound vesicles called autophagosomes. During autophagosome formation small membrane structures called isolation membranes (or phagophores) are generated, which capture cellular material as they grow [1] [2] [3] [4] . Subsequently, they fuse with the endolysosomal system, where the inner membrane and the cargo are degraded 5 . Owing to its ability to degrade cargo selectively, it serves as an essential cellular quality control system 6 . Autophagy has been shown to play a protective role against neurodegeneration, uncontrolled infection by intracellular pathogens and cancer 2, [6] [7] [8] [9] .
The selectivity of the autophagic process is determined by cargo receptors that selectively link the cargo to the isolation membrane. They achieve this by selective recognition of the cargo and interaction with proteins of the Atg8 family on the isolation membrane 10, 11 . Binding to Atg8 family proteins is mediated by so-called LC3-interacting region (LIR, also called LRS) motifs [12] [13] [14] [15] . During constitutive autophagic processes, the autophagic machinery must also ensure that non-cargo material is excluded from autophagosomes to avoid constant loss of cellular material into lysosomes. This exclusivity can only be achieved if the isolation membrane is tightly apposed to the cargo as it grows.
The yeast cargo receptor Atg19 is a distant relative of the mammalian p62/SQSTM1 and NBR1 (neighbour of BRCA1 gene 1) cargo receptors 16 . Atg19 mediates the delivery of the precursor aminopeptidase I (prApe1) protease and other substances into the vacuole in a constitutive process called the cytoplasm-to-vacuole targeting (Cvt) pathway [17] [18] [19] [20] [21] . The Cvt pathway is mechanistically equivalent to selective autophagy in mammals 3, 5, [13] [14] [15] [16] .
As the Cvt pathway is constitutive, it is important that other cellular material is not constantly lost into the vacuole. Consequently, the membrane of the autophagosome-like Cvt vesicles is tightly wrapped around the prApe1 oligomers 22 . In contrast, when yeast cells starve they respond by the formation of autophagosomes that are larger than Cvt vesicles and contain random cytoplasmic material 22 . During this process the cargo receptor Atg19 and its relative Atg34 tether cargo to the isolation membrane 23, 24 . They thereby confer some cargo selectivity to autophagosome formation but not exclusivity, because bulk cellular material is not excluded from sequestration within autophagosomes.
Here we find that cargo binding to the Atg19 receptor positively regulates its association with Atg8. Atg8 binding by Atg19 is not only mediated by its known LIR motif but by multiple cryptic Atg8 binding sites. Furthermore, in vitro reconstitution reveals that Atg19 is sufficient for the tight apposition of Atg8 positive membranes with the cargo. Our results suggest that certain cargo receptors contribute to bending of the isolation membrane around the cargo to exclude noncargo material from sequestration into autophagosomes.
RESULTS

LIR-independent interaction of Atg19 with Atg8
We first studied the interaction between Atg19 and Atg8 in solution using size exclusion chromatography (SEC; Fig. 1 ). At high (800 µM) but not low (40 µM) concentrations, Atg8 and Atg19 co-eluted ( Fig. 1a,b ). Consistently, we determined the dissociation constant (K D ) to be about 35 µM by isothermal titration calorimetry ( Supplementary  Fig. 1 ). This value is about 10-20 times lower than the K D for other cargo receptors interacting with Atg8 family proteins 25 . The interaction of cargo receptors with Atg8 family proteins has been shown to occur through so-called LIRs (W 412 EEL 415 in Atg19; refs 10,12-15) . To test the requirement of the known LIR motif for the interaction of Atg19 with Atg8, we mutated Trp 412 to alanine or deleted the entire LIR motif 13 . Unexpectedly, although these mutations weakened the interaction, the Atg19 mutants still bound to Atg8 ( Fig. 1c,d ). This indicates that the known LIR motif contributes to Atg8 interaction but is not essential. In contrast, the interaction between the Atg34 cargo receptor and Atg8 was entirely dependent on the known LIR motif, because the equivalent mutant (W409A) showed no interaction with Atg8 ( Fig. 1e,f) .
To identify the Atg8-binding activity independent of the classical LIR motif in Atg19 we investigated the ability of Atg19 fragments containing the W412A mutation to interact with Atg8. Strikingly, the short carboxy-terminal fragment (365-415 W412A) showed a strong interaction with Atg8 at 40 µM ( Fig. 1g ), stronger than that of the wildtype full-length protein (Fig. 1b ), and this was maintained when the fragment was further extended by 111 amino acids (254-415 W412A; Fig. 1h ). However, when a further extension to include the coiled-coil domain was introduced (amino acids 124-415 W412A) the interaction became undetectable at low concentration (40 µM; Fig. 1i ). These results suggest that the C-terminus of Atg19 (but not Atg34) interacts strongly with Atg8 independent of the known LIR motif, and further that the coiled-coil domain inhibits this interaction.
Cargo activates the Atg8-Atg19 interaction
The coiled-coil domain of Atg19 mediates the interaction with the prApe1 cargo 23 . We therefore reasoned that the coiled-coil domain mediated inhibition of the interaction of the Atg19 C-terminus with Atg8 might be relieved on addition of the prApe1 cargo. This was indeed the case, as the presence of the Atg19-binding prApe1 propeptide 23 greatly stimulated the amount of Atg8 pulled down by Atg19 ( Fig. 2a and Supplementary Figs 1) . To test if the C-terminus of Atg19 that showed strong LIR-independent interaction with Atg8 is specifically required for the prApe1 cargo-stimulated interaction with Atg8, we constructed an Atg19-Atg34 chimaeric protein by exchanging the C-terminus of Atg19 with the C-terminus of Atg34 ( Supplementary  Fig. 1 ). Atg34 showed no interaction with Atg8 independent of the classical LIR motif (Fig. 1e,f) . The Atg19-Atg34 chimaera efficiently bound the prApe1 propeptide ( Fig. 2b and Supplementary Fig. 1 ) and still interacted with the scaffold protein Atg11 ( Fig. 2c ; ref. 23) but the propeptide did not stimulate Atg8 binding (Fig. 2d ).
Atg19 contains multiple Atg8 binding sites
To identify the Atg8 binding sites independent of the classical LIR motif within the C-terminus of Atg19, we fused a series of shortened versions of the C-terminal domain (residues 365-415) of Atg19 to glutathione S-transferase (GST) and tested its interaction with Atg8 in pulldown experiments ( Fig. 3a and Supplementary Fig. 1 ). Consistent with our SEC results ( Fig. 1c,d ), the W412A mutation did not abolish the interaction with Atg8 ( Fig. 3a and Supplementary Figs 1 and 2). Residues 398-415 containing the W412A mutation showed no interaction with Atg8, suggesting that the interaction of the extreme C-terminal region of Atg19 is dependent on the known LIR motif ( Fig. 3a and Supplementary Fig. 1 ). Extension of the C-terminal domain (residues 386-415, 376-415 and 365-415, respectively) in the context of the W412A mutation enhanced the interaction with Atg8 ( Fig. 3a) .
In a complementary approach we tested a series of C-terminally truncated fragments of GST-Atg19 for their ability to pull down Atg8 ( Fig. 3b and Supplementary Fig. 1 ). Deletion of residues 375-415 (amino acids, aa1-374) markedly decreased but did not fully abolish its interaction with Atg8 ( Fig. 3b ). Residues 1-384 showed slightly increased binding to Atg8 when compared with GST-Atg19 aa1-374, whereas GST-Atg19 aa1-396 showed a further enhanced interaction ( Fig. 3b ). Thus the C-terminus of Atg19 contains multiple Atg8 binding sites: one site localizes to the known LIR motif, one site is close to the Atg11 binding site and at least one site localizes aminoterminally of the Atg11 binding site.
To identify these Atg8 binding sites we aligned the sequence of the C-terminal domain of Atg19 lacking the known, C-terminal Figure 2 The C-terminus of Atg19 interacts in a cargo-dependent manner with Atg8. (a) Anti-Atg8 western blot of the input and pellet fractions of a pulldown experiment using GST-Atg19 as bait and Atg8 as prey. The black vertical line indicates that unrelated samples were run on the same gel but in between the two samples on the left and the one on the right ( Supplementary Fig. 7 ). (b) Coomassie stained gels of pulldown experiments using the GST-prApe1 propeptide as bait to pull down Atg19, the Atg19-Atg34 chimaera and Atg34, respectively. The Atg19-Atg34 chimaera contained residues 1-361 of Atg19 and residues 348-412 of Atg34. (c) Yeast two-hybrid (Y2H) assay testing for the interaction of Atg11 with Atg19, the Atg19-Atg34 chimaera and Atg34, respectively. (d) Anti-Atg8 western blot using the indicated GST fusion proteins as bait to pull down Atg8. The pulldowns were conducted in the presence or absence of the prApe1 propeptide. See Supplementary Fig. 1 for input gel. All experiments shown have been carried out twice. Images of uncropped western blots and gels can be found in Supplementary Fig. 7 .
LIR motif with the LIR-containing regions of other cargo adaptors. Phenylalanine residues Phe 376 and Phe 379 aligned with the two hydrophobic residues of the LIR motif of the human cargo receptor p62 (Trp 338 and Leu 341; refs 12,15; Fig. 3c ). To test if Phe 376 and Phe 379 contribute to Atg8 binding we mutated these residues to alanine. Indeed, the F376A, F379A double mutant showed slightly reduced binding to Atg8 ( Fig. 3d and Supplementary Fig. 2 ). When F379A was co-introduced with W412A the resulting double mutant showed severely reduced binding ( Supplementary Fig. 2 ), as did the F376A, F379A, W412A triple mutant ( Fig. 3d and Supplementary Fig.  2 ). We conclude that one further Atg8 binding site localizes to the region around Phe 376 and Phe 379. The alignment of Atg19 with p62 also revealed homology around the Atg11-binding site (Fig. 3c ). In particular, Pro 385 and Glu 386 are conserved. Interestingly, Pro 385 and Glu 386 are absent from Atg34. As our pulldown experiments suggested that one Atg8 binding site localizes around the Atg11-binding site of Atg19 ( Fig. 3a,b ), we mutated Pro 385 and Glu 386 to alanine. When P385A, E386A was combined with W412A the resulting triple mutant showed reduced Atg8 binding when compared with the W412A mutant C-terminus ( Fig. 3d ). Further introduction of F376A, F379A to generate a F376A, F379A, P385A, E386A, W412A mutant resulted in complete loss of Atg8 binding under the tested conditions ( Fig. 3d ). A t g 1 9 A t g 1 9
A t g 1 9 W 4 1 2 A A t g 1 9 F 3 7 6 A , F 3 7 9 A A t g 1 9 F 3 7 6 A , F 3 7 9 A , W (f) Pulldown experiment using the GST-prApe1 propeptide (propep.) to pull down Atg8 through the indicated Atg19 proteins. The graph is based on three experiments (N = 3), one of which is shown below the graph. Shown are the averages and s.d. See Supplementary Fig. 2 for input gel.
(g) Representative profile of a size exclusion chromatography run using a 10/300 S200 column. Atg8 was run at 400 µM and the Atg19 Cterminus at 40 µM. For the complex run both proteins were preincubated at the concentrations mentioned. The average number of Atg8 molecules shifted into the complex peak per Atg19 C-terminus was 4.14 (average of three experiments). The experiments shown in a,b,d,f,g have been conducted three times; the experiment shown in e has been conducted twice. Images of uncropped western blots and gels can be found in Supplementary Fig. 7 .
We corroborated these findings first by carrying out in vivo pulldown experiments (Fig. 3e ). These results show that the previously reported LIR motif around Trp 412 is indeed not the only Atg8 site in vivo, whereas the F376A, F379A, W412A triple mutant lost detectable Atg8-binding activity, at least under these conditions.
Using an in vitro experimental set-up that resembles the situation in vivo ( Fig. 3f and Supplementary Fig. 2 ), we found that the W412A mutation and the F376A, F379A double mutation each reduced binding to some extent, but that simultaneous mutation of all three residues severely decreased Atg8 interaction. Additional mutation of P385A, E386A further weakened the interaction with Atg8 ( Fig. 3f) .
To test if one Atg19 C-terminus molecule can indeed simultaneously interact with multiple Atg8 molecules, we incubated the Atg19 C-terminus with a 10-fold excess of Atg8 and ran the mixture on a size exclusion column ( Fig. 3g ). By calculating the fraction of the Atg8 peak that was shifted into the Atg8-Atg19 C-terminus complex peak we determined the ratio of Atg19 C-terminus/Atg8 to be about 1/4, suggesting that about four molecules of Atg8 can simultaneously interact with one Atg19 C-terminus.
In summary, we have identified two regions within the C-terminus of Atg19 that contribute to Atg8 binding (apart from the known LIR motif around Trp 412). The first region localizes to Phe 376 and Phe 379 and the second region localizes to Pro 385 and Glu 386. There may be a further Atg8 binding site N-terminally of Phe 376 (Fig. 3b ), but if present it is too weak to be detectable in a reliable manner.
Reconstitution of Atg8-mediated recruitment of Atg19 to the membrane
In the cell, the concentrations of Atg19 and Atg8 are in the nanomolar range and thus very low 26, 27 . However, the Atg8-Atg19 interactions occur at a membrane where the local concentrations are increased. We therefore analysed the effect of Atg8 membrane localization on Atg19 recruitment in a reconstituted system using giant unilamellar vesicles (GUVs; Fig. 4 ). In the absence of Atg8 on the GUV membrane, no Atg19 recruitment was detectable ( Fig. 4a ). When we reconstituted Atg8 conjugation using recombinant Atg3, Atg7 and the Atg12-Atg5-Atg16 complex 28 , we detected efficient recruitment of Atg19 to the GUV membrane ( Fig. 4b,c ). To more accurately control the amount of Atg8 on the membrane we added a C-terminal 6×His-tagged version of Atg8 to GUVs containing nickel lipids. Under these conditions Atg8 detectably recruited Atg19 and Atg34 at low nanomolar concentrations ( Supplementary Fig. 3 ). Thus, the local concentration of Atg8 on the membrane was sufficient for recruitment of Atg19 and Atg34 to the membrane at concentrations that are close to the concentrations found in vivo 26, 27 . Consistent with these findings, we observed a markedly increased interaction in pulldown assays when we used GST-Atg8 concentrated on beads to pull down Atg19 ( Supplementary Fig. 4 ; compared with the reverse situation shown in Fig. 3b and Supplementary Figs 1 and 2) .
Correlating with reduced Atg8 interaction of the Atg19 W412A and F376A, F379A, W412A mutants in the pulldown assays ( Fig. 3 and Supplementary Fig. 2 ), the recruitment of these mutant Atg19 proteins to Atg8-harbouring GUVs was markedly reduced (Fig. 4d-f ).
Reconstitution of membrane bending during selective autophagy
Next we asked if Atg19 could recruit cargo to Atg8-coated membranes. To this end we added the propeptide of the prApe1 cargo to Atg8-coated GUVs (Fig. 5a ). It was indeed the case, because only on addition of Atg19 did we detect recruitment of the Ape1 propeptide to the GUV membrane ( Fig. 5a ). To mimic the in vivo situation where the prApe1 propeptide is concentrated on the surface of the prApe1 oligomer we coated 2 µm diameter polystyrene beads with the prApe1 propeptide ( Fig. 5b-e and Supplementary Fig. 3 ). In the absence of Atg19 only a few beads were found peripherally attached to the Atg8-coated GUV membrane.
In contrast, in the presence of Atg19 the beads attached much more frequently and we also noticed that Atg19 bound directly to the prApe1 propeptide-coated beads ( Fig. 5e and Supplementary  Fig. 3 ). Strikingly, in the presence of Atg19 the GUV membrane was closely wrapped around parts of the prApe1 propeptide beads (Fig. 5b,e and Supplementary Fig. 3) . Frequently, the beads were almost completely invaginated into the lumen of the GUVs (Fig. 5b) . Atg19-mediated membrane bending positively correlated with the density of Atg8 on the membrane (Fig. 5c ). Furthermore, the ability of the Atg19 mutants to bend the membrane around the beads correlated well with their Atg8-binding activity (Figs 5d and 3f ). In the absence of Atg19 few membrane bending events were observed ( Fig. 5d ) and these were also far less pronounced. Thus the tripartite interaction between prApe1, Atg19 and Atg8 is sufficient for close membrane-cargo apposition. Supplementary Fig. 6 shows the expression of the Myc-tagged proteins and a quantification of the assay. (e) Y2H assay testing for the interaction of Atg11 with Atg19 and the indicated Atg19 mutants. (f) Atg19 yeast cells expressing the indicated Atg19 proteins and prApe1-RFP (red fluorescent protein) were labelled with the vacuolar membrane dye MDY-64. Scale bars: 2 µM. The experiments in a-d,f have been conducted three times, the experiment in e twice. Images of uncropped western blots and gels can be found in Supplementary Fig. 7 .
Multiple Atg8 interaction sites are required for Atg19-dependent selective autophagy To test the requirements for the function of Atg19 during selective autophagy in vivo, we monitored prApe1 processing under nutrient rich conditions where only the selective Cvt pathway is active, and in cells treated with rapamycin, where bulk autophagy mediates transport of prApe1 into the vacuole (Fig. 6a; ref. 22 ). Intriguingly, the Atg19-Atg34 chimaeric protein was unable to support the Cvt pathway (Fig. 6a) . Consistent with the ability of the Atg19-Atg34 chimaera to bind the prApe1 propeptide ( Fig. 2b) , immunoelectron microscopy showed that the protein localized to the prApe1 oligomers ( Fig. 6b and Supplementary Fig. 5 ). However, in contrast to Atg19 the Atg19-Atg34 chimaera did not support the growth of an isolation membrane around the prApe1 particles (Fig. 6b,c) . On rapamycin treatment, Atg19-Atg34 was almost fully functional ( Fig. 6a ), suggesting that multiple Atg8 binding sites are required for transport of the prApe1 cargo during selective (Cvt) but not bulk autophagy. This rapamycin effect was totally dependent on the presence of Atg17, a scaffold protein essential for autophagosome formation but not the Cvt pathway 29 (Supplementary Fig. 6 ).
Next we addressed the relevance of the extra regions in Atg19 that contribute to Atg8 binding (Fig. 3) . Consistent with the biological relevance of these sites, the W412A mutation in the LIR motif of Atg19 was not essential for prApe1 processing, during either Cvt or autophagy ( Fig. 6d and Supplementary Fig. 6 ). Next, we tested the effect of the F376A and F379A mutations on prApe1 processing. In isolation, the two mutations had weak if any effects on prApe1 processing during the Cvt pathway ( Fig. 6d and Supplementary Fig.  6 ). However, when either of the two single mutations was combined with the W412A mutation, the Cvt pathway was non-functional whereas prApe1 processing was still apparent under rapamycininduced autophagic conditions ( Fig. 6d and Supplementary Fig. 6 ). We observed an almost identical effect for the F376A, F379A double mutant ( Fig. 6d and Supplementary Fig. 6 ), but when the F376A, F379A double mutant was combined with the W412A mutation Ape1 processing was lost under both Cvt and autophagic conditions ( Fig. 6d and Supplementary Fig. 6 ).
An identical phenomenon was observed for Pro 385 and Glu 386 ( Fig. 6d and Supplementary Fig. 6 ). Introduction of P385A, E386A only slightly decreased prApe1 processing under rich conditions. When combined with W412A or F376A, F379A the P385A, E386A mutation markedly reduced prApe1 processing during the selective Cvt pathway but much less under autophagic conditions ( Fig. 6d and Supplementary Fig. 6 ). None of the mutations affected Atg11 binding (Fig. 6e ) or the localization of the prApe1 cargo to the vacuole (Fig. 6f ).
DISCUSSION
Here we provide a number of fundamental insights into the action of cargo receptors during selective autophagy.
In the absence of cargo, Atg19 binds only weakly to Atg8. Binding of the prApe1 cargo to Atg19 enhances interaction of Atg19 with Atg8. Thus the cargo has an active role during its sequestration into autophagosomes. This is consistent with the requirement of the prApe1 cargo for assembly of the pre-autophagosomal structure for selective autophagy in nutrient rich conditions in yeast 30 . We thus provide a molecular mechanism for the requirement of the cargo and the Atg19 receptor for pre-autophagosomal structure formation in nutrient rich conditions 23, 30 . The inhibition of cargo receptors in the absence of cargo may be a general feature, as it prevents cargo receptors from associating with the growing isolation membrane in the absence of their respective cargo.
We found that Atg19 contains multiple Atg8 binding sites. One of these sites localizes to two phenylalanine residues (Phe 376 and 379) that align with the LIR motif of human p62. Given the hydrophobic nature and the spacing between these two residues, it is likely that they bind to Atg8 in a manner that is similar to the binding of other LIR motifs to Atg8 family proteins [13] [14] [15] 31 . In fact, it is becoming increasingly clear that LIR motifs can deviate from the canonical W/F/YxxL/I/V sequence [31] [32] [33] [34] . In addition, we found that mutation of Pro 385 and Glu 386 to alanine negatively affected Atg8 binding by Atg19, in particular in the context of other Atg8-binding mutations. This site shows no resemblance to previously identified LIR motifs. Interestingly, Pro 385 and Glu 386 are also found in p62 (Fig. 3c) . Future studies will have to elucidate how Pro 385 and Glu 386 contribute to Atg8 binding. Atg19 may contain another Atg8 binding site N-terminal of Phe 376 (Fig. 3b ). In combination, the multiple Atg8 binding sites result in high avidity interactions with Atg8 family proteins. This in turn favours the interaction with Atg8 family proteins when they are locally concentrated on the isolation membrane.
In the case of Atg19, multiple sites per se are not required for the interaction of Atg19 with Atg8, as the C-terminus of Atg34 that lacks detectable Atg8 binding sites apart from the known C-terminal LIR motif is able to functionally replace the C-terminus of Atg19 during bulk autophagy. Instead, the multiple Atg8 interaction sites in the Cterminus of Atg19 may provide sufficient energy to tightly wrap the membrane around the cargo and therefore enable the exclusion of non-cargo material during selective autophagy (Fig. 7) . Consistently, Atg19 was sufficient for tight membrane-cargo apposition in a fully reconstituted system, and this activity correlated with the number of Atg8-Atg19 interactions (Fig. 5 ).
It has recently been proposed that membrane-localized Atg8 assembles together with the Atg12-Atg5-Atg16 complex into a membrane scaffold on the isolation membrane, and that the cargo receptor Atg32 disrupts this scaffold owing to its LIR-dependent interaction with Atg8 (ref. 35 ). Thus tight, LIR-dependent interactions of cargo receptors with Atg8 family proteins on the membrane may more efficiently disrupt this putative scaffold.
The Atg19-Atg34 chimaera was rather effective in the in vitro reconstitution assay (Fig. 5 ). This may be due the fact that this assay is less stringent than the in vivo situation, where the Cvt particles are around 150 nm in diameter as opposed to 2 µm for the cargo mimetic beads in the reconstituted assay.
Multiple Atg8 binding sites in Atg19 were specifically needed for the selective Cvt pathway but not for Atg19-dependent delivery of prApe1 to the vacuole during bulk autophagy. Consistently, for Cvt vesicles the membrane is tightly apposing the prApe1 particle 22 . During bulk autophagy, where the prApe1 particle is tethered to the membrane of the larger autophagosome 22 , the faster growth of the isolation membrane may outpace the membrane bending activity of Atg19. Alternatively, during selective autophagy the isolation membrane may be formed directly around the cargo, whereas during bulk autophagy the cargo may be tethered to a pre-existing isolation membrane, not enabling the receptor to mediate tight membrane-cargo apposition. Furthermore, a lower density of Atg8 on the membrane during bulk autophagy or posttranslational modification of the Atg19 C-terminus may reduce the membrane bending capacity of Atg19.
Interestingly, the mammalian cargo receptor NBR1 also contains two LIR motifs 36 . Furthermore, p62 may utilize oligomerization to increase the density of Atg8 interaction sites to mediate tight apposition of the isolation membrane and the cargo 10 . Thus, many autophagic cargo receptors may contribute to the bending of the isolation membrane around cellular cargo to ensure exclusivity of the pathway and thereby prevent loss of non-cargo material into the lysosomal system.
METHODS
Methods and any associated references are available in the online version of the paper.
Note: Supplementary Information is available in the online version of the paper variants, all Atg34 variants and propeptide (prApe1 (1-45)) variants (propeptide, monomeric enhanced GFP (mEGFP)-propeptide, mCherry-propeptide) were subcloned into the pGEX-4T1 vector and expressed as N-terminal GST fusion proteins in Escherichia coli Rosetta pLySS cells. Cells were grown at 37 • C in lysogeny broth to an OD 600 nm of 0.6, induced with 0.1 mM isopropylthiogalactoside and grown for a further 16 h at 18 • C. Harvested cells were resuspended in a buffer containing 50 mM HEPES at pH 7.5, 300 mM NaCl, 2 mM MgCl 2 , 2 mM β-mercaptoethanol, Pefabloc protease inhibitor (Roche) and DNase I (Sigma) and disrupted by freeze-thawing followed by short sonication. The cell lysate was centrifuged at 140,000 g (Beckman Ti45 rotor) for 40 min at 4 • C and the cleared supernatant was incubated with glutathione beads (GE Healthcare) for 1 h at 4 • C. The beads were washed. The protein was either cleaved off from the GST tag by incubation with thrombin protease (SERVA) overnight at 4 • C or eluted with 50 mM HEPES at pH 7.5, 300 mM NaCl, 1 mM dithiothreitol (DTT) and 20 mM reduced glutathione overnight at 4 • C. The supernatant containing the protein was concentrated and applied to a Superdex 200 or Superdex 75 column (16/60 prep grade, GE Healthcare) and eluted with a buffer containing 25 mM HEPES at pH 7.5, 150 mM NaCl and 1 mM DTT. Fractions containing pure protein were pooled, concentrated and stored at −80 • C.
The mCherry-Atg19 variants containing an N-terminal His tag followed by a tobacco etch virus (TEV) protease recognition site was expressed from the pETDuet-1-His-TEV-mCherry-Atg19 vector in the E. coli Rosetta pLySS strain. Cells were grown at 37 • C in terrific broth to an OD 600 nm of 0.8, induced with 0.5 mM isopropylthiogalactoside and grown for a further 5 h at 25
• C. Harvested cells were resuspended in a buffer containing 50 mM HEPES at pH 7.5, 300 mM NaCl, 10 mM imidazole, 2 mM MgCl 2 , 2 mM β-mercaptoethanol, complete protease inhibitor (Roche) and DNase I (Sigma) and disrupted by freeze-thawing followed by brief sonication. After ultracentrifugation of the cell lysate (140,000 g (Beckman Ti45 rotor) for 40 min at 4
• C), the cleared supernatant was loaded on a Ni-NTA column (Qiagen) and His-TEV-mCherry-Atg19 was eluted by applying a stepwise imidazole gradient. The 200 mM imidazole fraction containing His-TEV-mCherry-Atg19 was collected. The His tag was cleaved off with TEV protease at room temperature overnight. To remove N-terminally His-tagged TEV protease, the mCherry-Atg19 was diluted to reach a final imidazole concentration of 40 mM and incubated with nickel beads. The supernatant containing mCherry-Atg19 was concentrated and applied onto a Superdex 200 column (16/60, GE Healthcare) and eluted with a buffer containing 25 mM HEPES at pH 7.5, 150 mM NaCl and 1 mM DTT. Fractions containing pure mCherry-Atg19 fusion proteins were pooled, concentrated and stored at −80 • C.
Atg8 lacking the C-terminal arginine was expressed as N-terminal His-tagged protein from pETDuet-1-His-TEV-Atg8 and purified as described in 28 .
Atg8-His and GFP-Atg8-His were purified by adding a 6×His tag to the Atg8 C-terminus by PCR followed by insertion into pETDuet-1. For protein expression, the constructs were transformed into Rosetta pLysS. The cultures were incubated in lysogeny broth at 37 • C for 4 h to OD 600 nm = 0.8. Cells were induced with 0.5 mM isopropylthiogalactoside and incubated at 37 • C for 4 h. Cells were then spun down, resuspended in 50 mM HEPES, 300 mM NaCl, 1 mM MgCl, 2 mM ßmercaptoethanol, 10 mM imidazole, complete protease inhibitors and DNase and frozen in liquid nitrogen.
For protein purification, pellets were thawed, sonicated and centrifuged at 140,000 g (Beckman Ti45 rotor) for 40 min. The protein was purified by HisTrap and gel filtration (16/60 S75 column).
All proteins required for Atg8-PE (phosphatidylethanolamine) conjugation (Atg3, Atg7, Atg10, Atg8, mEGFP-Atg8, Atg5-Atg12-Atg16) were expressed and purified as described previously 28 .
Analytical SEC. To follow the Atg19-Atg8 interaction in solution at low concentrations, Atg19 variants and Atg8 were mixed to a final concentration of 40 µM and incubated for 30 min on ice. The samples were injected on a Superdex 200 or Superdex 75 gel filtration column (PC 3.2/30, GE Healthcare) equilibrated with a buffer containing 25 mM HEPES at pH 7.5, 150 mM NaCl and 1 mM DTT. To analyse the complex formation at high concentrations, Atg19 or Atg34 variants and Atg8 were premixed at 40 µM, concentrated to 800 µM and applied onto a Superdex 200 gel filtration column (PC 3.2/30, GE Healthcare) equilibrated with a buffer containing 25 mM HEPES at pH 7.5, 150 mM NaCl and 1 mM DTT. For the SEC experiment with the C-terminus of Atg19 and a 10-fold molar excess of Atg8, a Superdex S75 10/300 column was used. To estimate the number of Atg8 molecules that can interact with one molecule of Atg19 C-terminus, the Atg19 C-terminus (40 µM) was incubated with a 10-fold molar excess of Atg8 (400 µM) and run on an S75 10/300 column. Atg8 and the Atg19 C-terminus were also run individually. The areas under the peaks were integrated and the number of Atg8 molecules shifted into the Atg8-Atg19 C-terminus complex peak was calculated as follows: (area Atg8-Atg19) − (area Atg19) = (area Atg8 in complex) × (area Atg8 in complex)/(area Atg8 alone) × 400 µM = number of Atg8 molecules in Atg8-Atg19 complex. This value was divided by 40 µM.
Isothermal titration calorimetry.
The thermodynamic values of the interaction between Atg19 and Atg8 were determined by isothermal titration calorimetry (MCS-ITC, MicroCal). Before the measurement both proteins were dialysed for 3 h at 4 • C against 25 mM HEPES at pH 7.5, 150 mM NaCl and 2 mM β-mercaptoethanol. 1.8 ml of a solution of 63 µM Atg19 was placed in the temperature-controlled sample cell and titrated with 630 µM Atg8 loaded in the 300 µl mixing syringe. Injections of 10 µl Atg8 were dispensed into the sample cell using a 120 s equilibration time between injections and stirring at 300 rpm at 19 • C. Control experiments were carried out to measure and correct the heat of dilution on buffer addition. Finally, the data were analysed using the program ORIGIN following the instructions of the manufacturer.
GUV formation. GUVs were prepared by electroformation as described previously 28 . To carry out the Atg8-PE conjugation the following lipid mix was used: 40% 1,2-dioleoyl-sn-glycero-3-phosphocholine, 35% 1,2-dioleoyl-sn-glycero-3-phosphoserine, 20% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, and 5% phosphatidylinositol 3-phosphate. To bind Atg8-His to Ni-NTA-containing membrane the following lipid mix was used: 85% 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine and 15% 1,2-dioleoyl-sn-glycero-3-[(N -(5-amino-1carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DGS-Ni-NTA). For the experiment shown in Fig. 5c , DGS-Ni-NTA lipids were titrated into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. Electroformation was conducted at 35 • C. When necessary to visualize the membrane, either 0.1% rhodamine-PE or 1% Oregon Green-PE was used. All lipids were purchased from Avanti Polar Lipids.
Coating microspheres with fluorescently labelled propeptide. To mimic the cargo in GUV assays carboxylate modified UltraClean high-activity polystyrene microspheres (Invitrogen) with a 2 µm diameter were used. Fluorescently labelled prApe1 propeptide was covalently coupled to the beads' surface by use of 1ethyl-3-(3-dimethylaminopropyl)-carbodiimine according to the manufacturer's protocol. 50 µl of 100 µM mCherry-propeptide or mEGFP-propeptide in 50 mM MES at pH 6.0 were mixed with 50 µl of a 2% aqueous microsphere suspension and incubated at room temperature for 15 min. 0.8 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide was added to the mix and incubated further for 2 h at room temperature on an orbital shaker. To quench the coupling reaction glycine was added to a final concentration of 100 mM and incubation continued for 30 min at room temperature. To remove uncoupled protein the microspheres were washed three times with PBS by gentle vortexing followed by a centrifugation step at 13,000 rpm for 10 min. After the final wash the microspheres were resuspended in 10 µl final buffer containing 1% BSA in 15 mM HEPES at pH 7.5 and 135 mM NaCl and stored in 4 • C. Before each use the microspheres were gently sonicated in a sonication bath to disperse occurring agglomeration.
Membrane recruitment-GUV assays. Electroformed GUVs were diluted 1:2 or 1:4 in 15 mM HEPES at pH 7.5, 135 mM NaCl buffer and transferred to a 96-well glass-bottom microplate (Greiner Bio-One). To conjugate Atg8 to the PE-containing membrane, a conjugation reaction was carried out as described in ref. 28 . To attach Atg8 to the Ni-NTA-containing membrane, recombinant Atg8-His or GFP-Atg8-His was added to a final concentration of 400 nM and incubated at room temperature for 20 min. To follow the Atg19 recruitment, mCherry-Atg19 was added to a final concentration of 400 nM and incubated at room temperature for a further 20 min. To examine the propeptide-Atg19 interaction and concomitant membrane recruitment, mEGFP-propeptide was incubated with mCherry-Atg19 in 1:1 ratio for 15 min and added to Atg8-coated GUVs to a final concentration of 400 nM. To observe membrane attachment of propeptide-coated microspheres, 4 µl of ×10 diluted microsphere stock suspension was premixed with 4 µM of untagged Atg19 or mCherry-Atg19 in a volume of 8 µl, incubated for 15 min at room temperature, 4 • C, spun down, resuspended in the same volume of buffer and added to the well containing 32 µl Atg8-labelled GUVs.
For the mCherry-Atg19 and mCherry-Atg34 titration experiments, proteins were used at the following final concentrations: GFP-Atg8-His, 200 nM; mCherry-Atg19 and mCherry-Atg34, 25-1.5 nM; GFP-His, 200 nM. GFP-Atg8-His and His-GFP were briefly pre-incubated for 15 min with the GUVs before addition of mCherry-Atg19 or mCherry-Atg34. GUVs were prepared by the electroformation method as described in ref. 28 , containing 95% 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine and 5% DGS-NTA (mole fraction).
To compare the recruitment of Atg19 and different mutants to Atg8 on membranes the following concentrations of proteins were used: GFP-Atg8-His, 200 nM; GFP-His, 400 nM; mCherry-Atg19 versions, 100 nM. GUV preparation and incubation procedures were as described for the titration experiments.
All microscopic images were acquired using a confocal spinning disc microscope (Visitron) and processed with ImageJ software.
GST pulldown binding assays. The purified GST-fused proteins (15 µM or 20 µM) and purified GST-free proteins (15 µM or 20 µM) as well as glutathione-Sepharose 4B beads (GE Healthcare) were simultaneously incubated for 1 h at 4 • C. After washing the beads three times with 25 mM HEPES at pH 7.5, 150 mM NaCl and 1 mM DTT, the glutathione beads together with bound proteins were subjected to SDS-PAGE and then the protein bands were detected with Coomassie Brilliant Blue staining. To detect Atg8, immunoblotting was carried out with an anti-Atg8 antiserum used as a primary antibody.
Antibodies. The rabbit polyclonal anti-Ape1 antibody 28 (diluted 1:20,000) and the rabbit polyclonal anti-Atg8 antibody 28 (raised against GST-Atg8, diluted 1:1000) were a kind gift from C. Kraft (University of Vienna). The anti-Myc tag antibody (clone 4A6, diluted 1:1,000) is available from Millipore (catalogue number 05-724). The anti-HA antibody (clone 12CA5, diluted 1:5,000) is available from Abcam (catalogue number ab16918). Anti-Pgk1 (diluted 1:10,000) was purchased from Invitrogen (catalogue number 459250). The mouse anti-GFP antibody (clones 7.1 and 13.1, diluted 1:5,000) is available from Roche (catalogue number 11 814 460 001)
For antibody dilutions for immunoelectron microscopy please refer to the corresponding paragraph (Cryo-sectioning and immunolabelling of yeast).
Statistical tests.
For the statistical tests shown Fig. 5c,d a two-tailed, equal variance Student t-test was used. No data were excluded from the analysis.
Yeast strains. The yeast strains used here can be found in Supplementary Table 1 .
The genotype of the Saccharomyces cerevisiae S288C genetic background used here is his3 1; leu2 0; met15 0; ura3 0: knockout strains were purchased as diploids from EUROSCARF and haploid spores were selected.
Yeast expression constructs.
Plasmids for yeast expression were produced as follows: the Atg19 promoter (800 base pairs upstream of the ATG start codon) was amplified by PCR and inserted into pRS316 using NotI and XmaI, then a fragment encompassing 6×Myc tags was amplified by PCR and inserted using XmaI and SalI. Finally, a fragment encompassing the open reading frame of Atg19 or the Atg19-Atg34 chimaera (below) as well as the terminator (300 base pairs downstream of the stop codon) was amplified by PCR and inserted using SalI and XhoI.
To generate the Atg19-Atg34 chimaeric expression construct, first a fragment encompassing the promoter as well as the 5 region of the Atg19 open reading frame encoding for amino acids 1-361 was ligated with a fragment that codes for amino acids 348-412 as well as the Atg34 terminator using XmaI. The XmaI site was added by PCR. The resulting chimaeric fragment was cloned into pRS316 followed by deletion of the XmaI site.
Y2H: 5-bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal) assay. DNA
constructs were cloned into the Y2H interaction plasmids pLexA-N and pGAD-HA and transformed into the Y2H reporter yeast strain L40. Single colonies were grown overnight in 2 ml synthetic defined minimal medium (1.7 g l −1 yeast nitrogen base without amino acids and ammonium sulphate (ForMedium), 5 g l −1 ammonium sulphate, 20 g l −1 glucose) supplemented with the appropriate amino acid drop-out mix (SD-LW). 700 µl from the pre-culture was then diluted in 5 ml SD-LW. 2.5 OD 600 nm AU of yeast was pelleted and resuspended in 30 µl PBS and transferred into a 96-well plate. 100 µl of X-gal mix (0.05% X-gal, 0.1% SDS, 0.05% βmercaptoethanol in PBS at pH 7.4) was added to the yeast. The plate was incubated overnight at room temperature protected from light and the X-gal reaction was then measured. Y2H: growth assay. 1, 0.1, 0.01 and 0.001 OD 600 nm AU of the transformed yeast was placed on growth-selective plates (SD-LWH, 1.7 g l −1 yeast nitrogen base, 5 g l −1 ammonium sulphate, 25 g l −1 agar, 2% glucose). Plates were incubated at 30 • C for 3 days to observe the growth.
GFP-trap pulldown. pRS316-6×Myc-Atg19 wild type and mutants were transformed to SMy155 in stationary phase grown on selection plates (SD; 1.7 g l −1 yeast nitrogen base without amino acids and ammonium sulphate (ForMedium), 5 g l −1 ammonium sulphate, 20 g l −1 glucose, 25 g l −1 agarose) supplemented with the appropriate amino acid drop-out mix (CSM; ForMedium) according to the lithium acetate, single-stranded DNA, polyethylene glycol transformation protocol. As controls, the empty vector pRS316 was transformed into SMy155 and pRS316-6×Myc-Atg19 into SMy59. All Atg19 variants were expressed under their endogenous promoter.
Transformed yeast strains were grown in pre-cultures in synthetic defined minimal medium (SD), supplemented with the appropriate amino acid drop-out mix (CSM; ForMedium) overnight and then used to inoculate YPD (yeast extract peptone dextrose) cultures for harvest.
Lysates were prepared from cultures in log phase by centrifugation of 150 OD 600 nm at 3,000 g at room temperature for 10 min. The pellets were then washed once with PBS with 2% glucose and centrifuged again as described above and frozen in liquid nitrogen.
For lysis the pellets were thawed on ice and resuspended in lysis buffer (20 mM PIPES pH 6.8, 0.5% Triton, 50 mM KCl, 100 mM KCH 3 CO 2 , 10 mM MgSO 4 , 10 µM ZnSO 4 , 1 mM phenylmethyl sulphonyl fluoride, 1 mM NaF, 1 mM Na 3 VO 4 , 20 mM β-glycerophosphate, complete protease inhibitors).
Subsequently, the samples were subjected to bead beating and the lysate was separated from the beads and centrifuged at 16,000 g at 4 • C until clear. The concentration of the lysates was measured and all samples were adjusted to an equal volume and a concentration of 20 µg µl −1 .
For the co-immunoprecipitation, samples were incubated with GFP-Trap_A beads (ChromoTek) (and empty Sepharose 4B beads (Sigma)), rotating at 4 • C for 1 h. The samples were then centrifuged at 500 g at 4 • C for 4 min and left to settle on ice for another 4 min before the unbound fraction was taken off. The beads were washed five times in this manner with lysis buffer and finally resuspended in urea, SDS loading buffer. To detect Atg19 the GFP-Trap_A beads together with bound proteins were subjected to SDS-PAGE and then immunoblotting. Anti-GFP antibody and anti-Myc antibody were used as primary antibodies. Signals were detected using Super Signal West Pico (Pierce, THP).
Cryo-sectioning and immunolabelling of yeast. Yeast strain atg19 ypt7
was transformed with pRS316-6×Myc-Atg19 or pRS316-6×Myc-Atg19-34. Logarithmically growing cultures were treated and cryo-sectioned following the Tokuyasu method as previously described 37 . Sections on copper grids were stored at 4 • C. For immunolabelling, grids were placed on plates with solidified 2% gelatine. Plates were then warmed up to 38 • C for 30 min and transferred to droplets of 100 mM glycin (pH 7.4). Blocking was done in normal goat serum dissolved 1:30 in 0.1% BSA-C (Aurion), PBS (pH 7.4) for 40 min in a wet chamber. For labelling, 6×Myc-tagged Atg19 or Atg19-34 grids were incubated with anti-Myc diluted 1:200 in 0.1% BSA-C, PBS for 80 min in a wet chamber, washed in 0.1% BSA fraction V, PBS (pH 7.4) and transferred to goat anti-mouse IgG 10 nm gold (BBI Solutions) diluted 1:25 in 0.1% BSA-C, PBS for 1 h. Further washes were done with 0.1% BSA-FV, PBS, followed by PBS and H 2 O.
For double-labelling of 6×Myc tagged proteins and endogenous Ape1, blocked grids were incubated with purified anti-Ape1 1:100 in 0.1% BSA-C, PBS at 4 • C overnight and then transferred to anti-Myc 1:200 in 0.1% BSA-C, PBS for 60 min at room temperature. Grids were washed in 0.1% BSA-FV, PBS, transferred to goat antirabbit IgG 5 nm gold (BBI) 1:25 in 0.1% BSA-C, PBS for 90 min and subsequently to anti-mouse IgG 10 nm gold for 60 min at room temperature, then washed with H 2 O.
For staining, grids were transferred to 2% neutral uranyl acetate for 5 min and then to 0.2% uranyl acetate in 2% methylcellulose for 5 min. The excess liquid was removed with a filter paper and grids were left to dry before being stored.
Electron microscopy. Images were acquired with an FEI Morgagni 268D operated at 80 kV and equipped with an 11 megapixel CCD (charge-coupled device) camera.
Localization of Ape1 oligomers in vivo.
Yeast strain atg19 was co-transformed with pRS316-6×Myc-Atg19wt, respective variants or empty vector, and pRS313-Ape1-RFP. Logarithmically growing cultures were harvested by centrifugation and vacuoles were stained with MDY-64 (Invitrogen) according to the manufacturer's protocol. A wild-type strain transformed with pRS316 vector and pRS313-Ape1-RFP served as control for normal conditions. Fig. 6d . Shown are averages and standard deviations. (c) Anti-Ape1, anti-Myc and anti-Pgk1 western blots of atg17D,atg19D cells transformed with the indicated expression constructs. The lower mApe1 band indicates prApe1 processing and thus its delivery into the vacuole. The experiment in (a) has been conducted 2 times, the experiment in (c) two times. 
